Objective: The current study sought to determine whether the Wechsler Test of Adult Reading (WTAR) provides a stable estimate of premorbid intellectual ability in acutely injured patients recovering from traumatic brain injury (TBI). Method: A total of 135 participants (43 mild TBI [mTBI], 40 moderate/severe TBI [msevTBI], 52 healthy controls) were administered the WTAR at 1 and 12 months post-injury. Results: Despite similar demographic profiles, participants with msevTBI performed significantly worse than controls on the WTAR at both time points. Moreover, the msevTBI group had a significant improvement in WTAR performance over the 1-year period. In contrast, those participants with mTBI did not significantly differ from healthy controls and both the mTBI and control groups demonstrated stability on the WTAR over time. Conclusions: Results indicate that word-reading tests may underestimate premorbid intelligence during the immediate recovery period for patients with msevTBI. Clinicians should consider alternative estimation measures in this TBI subpopulation.
Introduction
Obtaining accurate estimates of premorbid intelligence allows clinicians to more accurately quantify the extent of cognitive impairment that a patient has sustained following traumatic brain injury (TBI) . By comparing estimated pre-injury intelligence to measures of current cognitive functioning, clinicians can approximate the level of decline that a patient has experienced. This information is critical for determining prognosis and planning rehabilitation.
Premorbid intelligence has commonly been estimated using "hold tests," which are neuropsychological measures that are relatively unaffected by most forms of neuropathological change, therefore able to "hold" an individual's level of functioning (Russell, 1980) . Word pronunciation tests are the most commonly used "hold" test and have been used to estimate premorbid intelligence in a wide variety of clinical populations (Dwan, Ownsworth, Chambers, Walker, & Shum, 2015; Hanks et al., 2008; McGurn et al., 2004) . One such word pronunciation task is the Wechsler Test of Adult Reading (WTAR; Wechsler, 2001) . The WTAR provides an accurate estimate of premorbid intellectual functioning in a variety of cognitively impaired populations (Wechsler, 2001) . However, studies assessing the reliability of this measure in a recovering TBI population are limited and have had inconsistent results.
In Green, Melo, Christensen, Ngo, Monette and Bradbury's (2008) study, 24 patients with moderate-to-severe TBI were given the WTAR and a standard neuropsychological battery at 2 and 5 months post-injury. Their group reported stable performance on the WTAR despite consistent improvement on other cognitive measures known to be sensitive to the effects of head injury. Additionally, WTAR-estimated intelligence was similar to that predicted by the Crawford and Allan (1997) demographic equation. They concluded that the WTAR is a valid estimate of premorbid intelligence in a recovering moderate-to-severe TBI population. However, Mathias, Bowden, Bigler, and Rosenfeld (2007) found contradictory results in their longitudinal study of patients with mild, moderate, and severe TBI and demographically matched orthopedic injury controls. Participants were initially assessed at 3-6 months post-injury and again 6 months later. The severe TBI group had significantly lower WTAR scores at the first assessment and all groups improved over time. Their study found a modest relationship between reading performance and indices of injury severity. Their findings suggest that severe TBI may negatively affect WTAR performance in the first year following injury.
Given the limited and mixed findings of previous studies, additional studies are critical to determine the utility of wordreading tasks as "hold" tests in an acutely injured TBI population. To the authors' knowledge, no study has assessed whether the WTAR can provide a stable estimate of premorbid intellectual ability in the first 12 months following mild TBI (mTBI) or moderate/severe TBI (msevTBI) in comparison with healthy controls. The current study assessed whether there was a doserelated relationship between injury severity and word-reading ability immediately after injury. In addition, participants were retested 1 year post-injury to determine whether performance improved differentially between injury groups during the postacute recovery period of TBI. Performance on the WTAR was also compared with neuropsychological measures known to be sensitive to the effects of head injury in order to assess the stability of word reading relative to other cognitive domains likely to display improvement during the post-acute phase.
Materials and Methods

Participants
Data were retrospectively analyzed on persons with TBI (n = 83) who were enrolled from the University of Alabama at Birmingham (UAB) hospital system between 2007 and 2011 as part of a larger NIH-funded longitudinal study investigating medical decision making in TBI (Triebel et al., 2012) . Participants were assessed at 1 and 12 months post-injury with a 2-week scheduling window on either side, in accordance with TBI Model System's guidelines (Hanks et al., 2008; Kalmar et al., 2008) .
A board-certified rehabilitation neuropsychologist assigned a TBI severity level of either mTBI (n = 43) or msevTBI (n = 40) using diagnostic criteria from TBI Model Systems (Bushnik, 2008) , which has been well-described previously (Brasure et al., 2012; Kay et al., 1993) . Seventeen individuals with mTBI had evidence of structural brain changes (such as contusions, subdural hematoma, or diffuse axonal injury) on cranial magnetic resonance imaging (MRI) or computed tomography (CT) scan. Individuals with penetrating brain injuries (e.g., gunshot wound) were excluded from the study.
Patients were excluded if they had received substance abuse treatment within 1 year of enrollment (per patient/family report) or had a preexisting diagnosed central nervous system disorder, developmental disorder, or severe psychiatric disorder. Individuals with a prior mTBI were included if their previous injury occurred at least 1 year before enrollment.
Healthy adult controls (n = 52) were recruited through local advertisements and selected to match participants with TBI on demographic variables of age, sex, ethnicity, and education. Controls were excluded if they had been diagnosed with psychiatric disorders (except mild depression), substance abuse, or neurologic diseases. None of the controls were taking medications known to affect cognition.
All participants completed the WTAR and a battery of neuropsychological measures at each visit. Written informed consent was obtained from each participant or a legally authorized representative. The UAB Institutional Review Board approved the study procedures.
Measures
Wechsler test of adult reading. The WTAR (Wechsler, 2001 ) comprises 50 words with irregular pronunciations that participants read aloud. The raw score can be transformed to an age-adjusted standard score, which is used to predict IQ (M = 100; SD = 15). The WTAR was co-normed with the Wechsler Adult Intelligence scale, Third Edition (WAIS-III; Wechsler, 1997) . Spreen and Strauss (2006) noted that WTAR scores are highly correlated with measures of verbal IQ (r = .75) and full scale IQ (r = .73).
Neuropsychological measures. In addition to the WTAR, all participants were administered a standardized battery of neuropsychological tests. Two of these measures were chosen for analyses as they assess areas of cognition known to be sensitive to the effects of head injury (Rabinowitz & Levin, 2014) : Trail Making Test (TMT), Part A and B (Reitan & Wolfson, 1993) , and the California Verbal Learning Test-II (CVLT-II) Trials 1-5 Total (Delis, Kramer, Kaplan, & Ober, 2000) . It was hypothesized that performance on these measures would improve over time whereas the WTAR remained stable. This methodology has been used previously in TBI samples to provide evidence that word-reading tests are valid in the context of cognitive recovery (Green et al., 2008; Orme, Johnstone, Hanks, & Novack, 2004) . The CVLT-II Forced Choice was administered to assess effort/test validity.
Data analysis
Potential differences in demographic characteristics between control and TBI groups were analyzed using one-way analysis of variance (ANOVA; age, years of education) or Pearson's chi-square tests (gender, race). Galveston Orientation and Amnesia Test (GOAT) scores for the two TBI groups were compared using independent samples t-tests.
Mixed ANOVAs were used to determine whether healthy controls, patients with mTBI, and patients with msevTBI performed differently on the WTAR, TMT, and CVLT-II Trials 1-5 Total between baseline and 1 year following injury. Significant mixed ANOVA interactions were followed with univariate ANOVA at both baseline and 12 months to test between-group effects. These analyses were followed with Dunnett's comparisons using healthy controls as the reference group. In addition, paired sample t-tests were used to assess for within-group effect of time for each group. The significance level for all analyses was p < .05. Table 1 presents demographic variables for all participants and injury severity data for participants with TBI. The control, mTBI, and msevTBI groups did not differ with regard to age, education, or race. However, the msevTBI group had a greater proportion of men than those with mTBI, χ 2 = 6.516, p < .05, and controls, χ 2 = 5.120, p < .05. As expected, the msevTBI group had lower GOAT scores, t(78) = 4.81, p < .001, than those with mTBI at baseline. Causes of TBI for the patient sample included: 65% motor vehicle collision (n = 54), 13% falls (n = 17), 2% assaults (n = 3), and 11% other (n = 9).
Results
Results indicated a main effect of group, F(2, 132) = 10.23, p < .001, partial eta 2 = .134, but not of time, F(1, 132) = 1.49, p = .23, partial eta 2 = .011, on raw WTAR score. However, there was a statistically significant interaction between time and group, F(2, 132) = 4.31, p < .05, partial eta 2 = .061, on WTAR performance. Participants with mTBI did not significantly differ from healthy controls at any time during the 1-year period, and both the mTBI and control groups demonstrated stability on the WTAR over time. In contrast, participants with msevTBI performed significantly worse than controls on the WTAR both at baseline (p < .001, d = .99) and at 12 months post-injury (p < .01; d = .75), with a 11.25 and 8.15 raw point mean difference, respectively. Moreover, the msevTBI group's performance improved from baseline (M = 23.4; SD = 13.20) to 12 months post-injury (M = 26.88; SD = 12.05), t(39) = −2.19, p < .05, d = −.35. Analysis of participants' WTAR-predicted IQ replicated these findings, with those with msevTBI improving from a predicted IQ of 88.7 (SD = 14.7) Note: Values are mean ± SD or n (%). GCS = Glasgow Coma Scale; GOAT = Galveston Orientation and Amnesia Test; mTBI = mild traumatic brain injury; msevTBI = moderate-to-severe traumatic brain injury; NA = not applicable. *p-value for omnibus test of group differences. Subsequent post hoc tests revealed that the msevTBI group had a greater proportion of men than those with mTBI (χ 2 = 6.516, p = .011) and controls (χ 2 = 5.120, p = .024). The msevTBI group had lower baseline GOAT scores, t(78) = 4.81, p < .001, scores than those with mTBI. Bold values indicate significance at p < .05.
to predicted IQ of 93.6 (SD = 13.6), t(39) = −2.97, p < .01, d = −.47. Although this mean change did not meet criteria for a clinically significant difference in test-retest scores according to the Wechsler (2001) manual (>10.8 point difference), it should be noted that 23% individuals with msevTBI did meet this cutoff.
Further analysis of the distribution of predicted IQ scores revealed that 25% of participants with msevTBI fell greater than −1.5 SDs below the normative mean 1 month after injury, in comparison with only 4.7% of those with mTBI and 0% of healthy controls. A year later, 15% of individuals with msevTBI continued to have a WTAR-predicted IQ −1.5 SDs below the mean. Overall, there was a greater range in WTAR scores among participants with msevTBI compared with those with milder head injury and healthy controls.
As expected, comparison of groups over time on TMT and CVLT-II Trials 1-5 revealed that both mTBI and msevTBI had lower baseline performance than controls. While those with mTBI performed approximately −1 SD below the controls on all measures at baseline, those with msevTBI had severely impaired performance at least −2.5 SDs below the mean of healthy controls. Although both TBI groups improved over time, those with msevTBI continued to be impaired relative to controls at 1 year post-injury. Of note, within the msevTBI group, change in raw WTAR score was significantly correlated with change in all three neuropsychological variables. To allow for comparison with WTAR-predicted IQ, T-scores for CVLT-II Trials 1-5 Total and TMT were converted to standard scores and are displayed in Table 2 for each group over the 12-month period.
Discussion
The current findings provide evidence for a dose-dependent effect of TBI on WTAR performance during the first year of recovery. Although individuals with mTBI perform commensurate with healthy, demographically matched controls at 1 and 12 months post-injury, the WTAR-estimated IQ of those with msevTBI is significantly lower than matched controls during the first year following injury. Those with msevTBI have a predicted IQ that is 13 points lower than healthy controls at 1 month post-injury and improve an average of 5 IQ points upon second testing a year later. Clinically, patients with msevTBI initially have WTAR-estimated IQ in the low average range and improve into the average range by 1 year; however, their performance remains significantly below that of their peers.
Both TBI groups experienced at least some degree of initial cognitive impairment on traditional neuropsychological measures (TMT, CVLT-II) with notable improvement over the first year. Additionally, there was a positive correlation between the WTAR and change in these measures for those with msevTBI, providing additional evidence that the word-reading ability is influenced by cognitive recovery. The results of this study suggest that word-reading performance is robust to the subtle cognitive impairment seen in milder head injuries and serves as a stable estimate of premorbid intelligence. However, clinicians should be cautious when interpreting performance on word reading measures in the early stages of moderate-to-severe TBI recovery as the predicted IQ may underestimate true premorbid intellectual functioning for at least the first year following injury.
These findings support previous literature suggesting that the WTAR is a stable estimate of premorbid IQ following mild but not severe TBI (Mathias et al., 2007) . Our results are also consistent with other TBI studies, which used "hold" measures comparable to the WTAR, such as the National Adult Reading Test (NART) and the Reading subtest from the Wide Range Achievement Test (WRAT). Riley and Simmonds (2003) administered the NART to individuals with severe head injury while they were within the first year of recovery and again after a year. They reported significantly higher NART scores upon second testing. Specifically, they found that the estimated IQs of 42% of their participants improved by five or more points, providing evidence that the NART may underestimate IQ in patients with severe TBI still within the first year of recovery. Orme and colleagues (2004) compared WRAT Reading subtest performance in individuals with mild, moderate, and severe TBI during the acute rehabilitation hospitalization and again 1 year later. They concluded that the WRAT Reading subtest underestimates premorbid functioning in those with more severe head injuries during the acute recovery period.
There are a few limitations to the current study. Due to the relatively small sample size, we were unable to separate the mild and the complicated mild TBI groups or the moderate and severe TBI groups. Future studies including a higher number of severity groups will help to elucidate at what point on the TBI severity spectrum reading ability tests begin underestimating premorbid intelligence. Another limitation is that true estimates of premorbid ability were not available for our sample, and therefore we are unable to rule out the possibility that those with msevTBI may have lower premorbid IQ. This has been a consistent problem with literature in the field and should be addressed in future studies with both pre-and post-injury intelligence testing. However, given that all three groups had similar demographic profiles and that those with msevTBI experienced improvement over time, there is no reason to suspect that the msevTBI group was less intelligent than other groups prior to injury. Therefore, the low average WTAR score at baseline is presumably attributable to the effects of msevTBI. Finally, future research should have a longer follow-up period to determine at what point word-reading ability stabilizes for individuals with msevTBI and if they ever reach the estimated IQ of healthy controls.
Conclusion
In conclusion, WTAR performance appears to be negatively affected by msevTBI 1 month post-injury with improvement during the first year. These results indicate that for patients with msevTBI, word-reading tests may not be a reliable measure of premorbid intelligence during the immediate recovery period and possibly longer. This is a clinically significant issue as estimates of premorbid intellectual functioning are often compared with current neuropsychological performance to determine the amount of discrepancy between observed and expected scores. Inaccurate premorbid IQ estimates in those patients with moderate-to-severe TBI could lead clinicians to underestimate the level of actual cognitive decline due to TBI. Such underestimation could adversely affect brain injury rehabilitation and treatment planning as patients could be prematurely determined to have returned to "baseline" and discontinued from care. Clinicians should therefore consider alternative measures to assess premorbid functioning in this TBI subpopulation. Predictor equations, such as the Crawford and Allan (1997) equation, integrate demographic information such as age, race, years of education, and occupational status into a regression formula in order to predict an individual's IQ and may provide better estimates for those on the severe spectrum of head injury.
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